We have purified and isolated cDNAs encoding the p subunit of tomato fruit polygalacturonase isoenzyme 1 (PGl), a cell wall protein that associates with, and apparently regulates, the catalytic PG2 polypeptides. Expression of the p subunit is fruit specific and temporally separated from the expression of PG2 during fruit development. The 37-to 39-kD p subunit is encoded as a 69-kD precursor protein containing a signal sequence and two propeptide domains. The mature protein is composed almost entirely of the nove1 14-amino acid motif FTNYGxxGNGGxxx in which many of the phenylalanine residues are post-translationally modified. The unique structural features of the motif suggest an important role in the function of the protein and hence in the activity of PG1. The p subunit may represent a class of bifunctional plant proteins that interact both with structural components of the cell wall and catalytic proteins to localize andlor regulate metabolic activities within the cell wall.
INTRODUCTION
The activity of the pectin-hydrolyzing cell wall enzyme polygalacturonase (PG; EC 3.2.1.15) increases dramatically during the ripening of many fruits and has been shown to be the primary enzymic activity responsible for cell wall polyuronide degradation in ripening tomato fruit (Wallner and Walker, 1975; Themmen et al., 1982; Huber, 1983; Brady et al., 1987; Smith et al., 1988; Giovannoni et al., 1989) . In tomato, thecatalytic PG polypeptide is encoded by a single gene (the PG gene) whose expression and function have been extensively studied in recent years (reviewed in Giovannoni et al., 1990) .
The PG gene is transcriptionally activated at the onset of ripening, and both PG mRNA and protein accumulate to high levels during the ripening process DellaPenna et al., 1987 DellaPenna et al., , 1989 . Although there is only a single gene for the catalytic PG polypeptide, the total PG activity isolated from ripe tomato fruit is attributable to a mixture of several closely related, post-translationally derived isoenzymes, PG1, PG2A, and PG2B (Pressey and Avants, 1973; Ali and Brady, 1982; Moshrefi and Luh, 1983; DellaPenna and Bennett, 1988) . The PG2A and PG2B isoenzymes (herein referred to as the PG2 isoenzymes) accumulate late in the ripening process and are each composed of a single catalytic PG polypeptide differing only in the degree of glycosylation (Ali and Brady, 1982; DellaPenna and Bennett, 1988) . The PG1 isoenzyme accumulates first during ripening and is thought to be composed of one or two catalytic PG2 polypeptides tightly associated with an ancillary glycoprotein, the p subunit protein (Moshrefi and To whom correspondences should be addressed. Luh, 1983; Knegt et al., 1988) . The level of PG1 produced during ripening is apparently determined by the level of p subunit protein present in the fruit tissue (Giovannoni et al., 1989; DellaPenna et al., 1990; Pogson et al., 1991 )! The p subunit has recently been purified from PG1 and is a heat-stable, acidic, heavily glycosylated protein with an apparent molecular mass of 38 kD (Knegt et al., 1988; Pogson et al., 1991) . No enzymatic activity has been identified for the protein. It was reported several years ago that the in vitro association of purified PG2 isoenzymes with a heat-stable, nondialyzable factor present in both unripe and ripe tomato fruit cell wall extracts (the so-called PG converter) results in the formation of a complex that physically and biochemically resembles the native PG1 isoenzyme isolated from ripening fruit (Tucker et al., 1981; Pressey, 1984) . The relationship between the p subunit and the PG converter protein is still unresolved, but a comparison of their physical and biochemical characteristics suggests that they may be the same molecule (Pressey, 1984; Knegt et al., 1991; Pogson et al., 1991) .
Biochemical studies of PGl isolated from tomato fruit and PG1 formed in vitro by reaction of purified PG2 with the p subunit have shown that this association alters the biochemical and enzymatic properties of the catalytic PG2 polypeptide, especially with regard to pH optimum, heat stability, cell wall binding, and activation by Ca2+ (Pressey and Avants, 1973; Knegt et al., 1988 Knegt et al., , 1991 . These studies suggest that the p subunit plays an important role in regulating PG enzymatic activity in vivo. Evidence supporting this hypothesis comes from studies with wild-type and transgenic tomato fruit that have demonstrated that maximal levels of PG-dependent polyuronide degradation and solubilization occur at a time when only PG1 can be extracted from the tissue and that subsequent accumulation of extractable PG2 activity during the later stages of ripening is not accompanied by further polyuronide degradation (Giovannoni et al., 1989; DellaPenna et al., 1990) . Moreover, transgenic tobacco plants constitutively expressing a chimeric PG gene were found to accumulate only the PG2 isoforms without resulting in increased polyuronide solubilization (Osteryoung et al., 1990) . Finally, the p subunit has been shown to interact strongly with polydextrans, and this observation coupled with the fact that PG1 is bound much more tightly to the cell wall than PG2 have led to the proposal that the p subunit localizes or restricts PG activity to specific areas of the cell wall (Knegt et al., 1988 (Knegt et al., , 1991 . These combined studies suggest that PG1 is the active isoenzyme in vivo with regard to polyuronide degradation and, therefore, implicate the P subunit protein as an important factor in the localization and/or regulation of pectin solubilization and degradation during the ripening process (Knegt et al., 1988; Giovannoni et al., 1989; DellaPenna et al., 1990; Knegt et al., 1991) .
Although the induction of PG activity at the onset of ripening is known to be the major determinant of polyuronide degradation during tomato fruit ripening, the in vivo existence of PG1, the contribution of the various isoenzymes to ripeningassociated polyuronide degradation, and the physiological consequences of PG-dependent polyuronide degradation remain unresolved. To extend our understanding of the assembly, activity, and physiological function of the individual PG isoforms during tomato fruit ripening, we have purified the P subunit from PG1 and isolated cDNA clones that encode the protein. Herein, we report the deduced amino acid sequence of the large p subunit precursor protein encoded by these cDNAs, the expression pattern of the P subunit gene during fruit development , and several unique structural features of the mature P subunit protein that are likely to be of functional significance.
RESULTS

Purification and Sequencing of the P Subunit of PG1
When analyzed by SDS-PAGE, purified PG1 was found to contain several polypeptides ranging in size from 37 to 45 kD, as shown in Figure 1A , lane 1. The 44-and 45-kD polypeptides reacted strongly with antiserum raised against purified PG2 ( Figure 1B , lanes 1 and 2), and their size and immunoreactivity are consistent with their being the catalytic PG2 polypeptides. Using cation exchange chromatography in ureacontaining buffers, proteins in the purified PG1 sample could be further separated into two species: the PG2 polypeptides and the p subunit polypeptide(s) ( Figure 1A , lanes 2 and 3, respectively). The purified p subunit resolves poorly on SDS gels and is heterogeneous in size ranging from 37 to 39 kD (A) Proteins were resolved by SDS-PAGE and visualized by Coomassie Brilliant Blue G 250 staining. Lane 1, 4 ng of purified PG1; lane 2, 2 ng of purified PG2; lane 3, 2 ng of purified p subunit. p-Sub, p subunit. (B) Proteins were resolved by SDS-PAGE and blotted, and PG2 polypeptides were detected by reaction with anti-PG2 antibodies. Lane 1, 2 ng of purified PG1; lane 2,1 ng of purified PG2; lane 3,1 ng of purified p subunit.
with two prominent bands ( Figure 1A , lane 3). The p subunit protein does not react with anti-PG2 antibodies ( Figure 1B , lane 3), indicating that it is immunologically distinct from the catalytic PG2 polypeptides. Similar results have been reported previously by others (Pogson et al., 1991) .
Protein sequencing of the purified p subunit yielded the single amino-terminal sequence shown in Table 1 with high recovery. This result suggests that the observed size heterogeneity of the p subunit results from differential glycosylation or differential processing at the carboxyl terminus. Aminoterminal sequencing was repeated three times with identical results, including the blank cycle at residue 9. Additional internal protein sequence data were obtained from amino-terminal sequence analysis of several proteolytically derived p subunit peptide fragments (Table 1 : Glu-C-1, Glu-C-2, Lys-C, and Arg-C peptides). For the Glu-C-1 and Glu-C-2 peptides, the Edman degradation reaction was blank at cycles 8 and 3, respectively, and was also arrested at these positions. The Arg-C peptide yielded a blank amino acid at cycle 8, and the Lys-C peptide yielded a blank amino acid at cycle 9. The Edman degradation reaction continued after the blank cycles for these two peptides.
Identification and Sequence Analysis of P Subunit cDNAs
Purification and characterization of the P subunit permitted the subsequent isolation of cDNA clones encoding the protein.
Numerous p subunit cDNA clones were isolated from a mature green tomato fruit cDNA library using a mixed oligonucleotide primer amplified cDNA (MOPAC) probe and degenerate oligonucleotides derived from the protein sequence data shown in Table 1 . Figure 2 Figure 3) ; however, after a 6-day exposure, faint signals for p subunit mRNA could be detected in these tissues. The control probe D21 encodes an mRNA of unknown function that is expressed throughout fruit development (Lincoln et al., 1987) . The expression pattern of D21 is relatively constant during the early stages of fruit development (10 to 30 DAP) and increases two-to threefold during ripening ( Figure 3 , D21 panel). Unlike p subunit and PG mRNA, D21 expression is not fruit specific.
DNA gel blot analysis of tomato genomic DNA digested with the indicated enzymes and probed with pBsubl.8 is shown in Figure 4 . pBsub1.8 contains a single EcoRV site, two sites each for EcoRl and Hpal, and no sites for Pstl. The relatively simple banding pattern in genomic DNA blot analysis coupled with the observation that pBsubl.8 maps to a single locus on chromosome 5 (Steve Tanksley, personal communication) suggest that the p subunit is encoded either by a single gene or small number of tightly linked genes in the tomato genome.
The p Subunit 1s Encoded as a Large Precursor Protein with Multiple Domains
The predicted primary translation product of the p subunit contains at least four identifiable domains: (1) a hydrophobic amino-terminal signal sequence, (2) an amino-terminal propeptide following the signal sequence, (3) the mature protein domain, and (4) a large carboxyl-terminal propeptide, as shown in Figure 5 . The predicted cleavage site of the signal sequence was calculated by the method of Von Heijne (1983) to be after . The amino acid sequence ( Figure 2 ) and hydropathy plot ( Figure 5 ) of this domain share characteristics common to signal sequences, including a positively charged aminoterminal region, a central hydrophobic core, and a polar carboxyl-terminal region (Von Heijne, 1983) . The first amino acid of the mature p subunit domain (defined by amino-terminal sequence analysis of purified p subunit protein; see Table 1) is , leaving a 78-amino acid propeptide domain between the carboxyl terminus of the proposed signal sequence and the amino terminus of the mature protein. Underlined sequences indicate amino acid sequences used for the generation of degenerate primers. Bracketed question marks represent blank cycles from the Edman degradation reaction. Additional sequence data were obtained after blank cycles in all cases except the GIu-C-1 and GIu-C-2 oeotides. Total RNA (25 ng) isolated from the indicated tomato tissues was probed with the p subunit (p-Sub) cDNA clone (pBsubl .8), a cDNA for the catalytic PG polypeptide (pPG1.9; DellaPenna et al., 1987) , or a cDNA for the constitutively expressed mRNA D21 (Lincoln et al., 1987) . Identical specific activities were used in each hybridization, and all blots were exposed for 8 hr.
The carboxyl terminus of the mature p subunit protein has not yet been experimentally determined but is likely to be near, but after Met-397 (*M* in Figure 2 ). This prediction is based on both the presence of a single Met residue in amino acid composition analysis of purified p subunit protein, as shown in Table 2 and Pogson et al. (1991) , and the fact that is the first Met residue in the mature domain of pBsub2.2 as well as on the observation that digestion of purified p subunit with cyanogen bromide (which cleaves after Met residues) does not noticeably alter its migration on SDS-polyacrylamide gels (results not shown). Cleavage after Met-397 would yield an unglycosylated mature domain (amino acids 109 to 397) of approximately 31.5 kD with a calculated pi of 4.9 and a large The deduced amino acid sequence is shown below the nucleotide sequence in single-letter amino acid code. Wavy underlines identify consensus sequences for N-glycosylation. Solid underlined regions indicate amino acid sequences homologous to the p subunit protein sequence data in Table 1 . The single underlined amino acid sequence is the amino terminus of the mature p subunit protein, and double underlined amino acid sequences are internal proteolytic fragments. *M* is , the estimated carboxyl terminus cleavage site of the mature p subunit protein (see text for further explanation). Sequence data has been submitted to GenBank as accession number M98466. carboxyl-terminal domain (amino acids 398 to 630) of 25.6 kD with a calculated pi of 9.1. The size and pi of the predicted mature domain are in good agreement with those previously reported for the purified p subunit (Pressey, 1984; Pogson et al., 1991) . All six identified N-linked glycosylation consensus sequences are located within the predicted mature domain ( Figure 2 , wavy underlines; Figure 5 , branched structures), consistent with the reported heavy glycosylation of the mature p subunit protein (Pogson et al., 1991) . Table 2 compares the amino acid composition of the mature protein domain deduced from pBsub2.2 and that determined from purified p protein. The predicted amino acid composition of the mature 3 subunit is notably rich in Gly, Tyr, and Phe residues. The predicted and determined amino acid compositions are generally in good agreement with the exception of an underestimate of Phe residues (1% versus 8% for determined and predicted composition, respectively). 
A Novel Repeating Motif Is Present in the Mature |3 Subunit Protein Domain
Computer-assisted analysis of the deduced amino acid sequence shown in Figure 2 indicated the presence of a repeating motif, as diagramed in Figure 6 , within the mature domain with the general structure FTxYGxxxN(x) 4 _ 6 , where the Phe and Tyr residues are invariable and Thr, Gly, and Asn occur with a greater than 50% frequency at positions 2, 5, and 9, respectively. This structure is not found in other domains of the (3 subunit precursor protein. The 14-amino acid version of this motif is repeated 15 of 17 times in the central portion of the mature protein ( Figure 6 , boxed region). Within the core consensus region, there is a strong bias for specific amino acids or a specific amino acid group at certain "x" positions in the motif, such as Ser, Thr, or Asn at position 3, Gly at positions 8, 10, and 11, and charged or uncharged polar amino acids at positions 6, 7, 12, 13, and 14. Inclusion of these residues yields a core consensus of FTNYGxxGNGGxxx, where "x" is most often a charged or uncharged polar amino acid. Exhaustive searches of computer data bases have failed to identify other proteins with significant overall homology to the mature protein domain or to the 14-amino acid motif and higher order repeats of the motif to 3N.
DISCUSSION
The expression and activity of the pectin-hydrolyzing tomato fruit cell wall enzyme PG have been the subject of extensive molecular and biochemical analysis for many years. The presence of multiple PG isoenzymes (PG1, PG2A, and PG2B) has analyses.
from residues 109 to 397.
Results are based on the average of three independent amino acid Based on the deduced amino acid sequence of pBsub2.2 cDNA been known for some time, and the existence of a factor, designated the p subunit protein, capable of associating in vitro and apparently also in vivo with the catalytic PG2 polypeptides to generate PG1 has been demonstrated by severa1 groups (reviewed in Giovannoni et al., 1990) . Separate lines of evidente from biochemical studies (Tucker et al., 1981; DellaPenna et al., 1990) and transgenic plant studies (Smith et al., 1988; Giovannoni et al., 1989; DellaPenna et al., 1990) The entire contiguous sequence of the deduced subunit mature domain (amino acids 109 to 397) is shown from top to bottom and left to right. Periods represent gaps introduced into the sequence for alignment purposes. Shadowed residues indicate amino acids that occur with a high frequency at a given position. Bold phenylalanine (F) residues are those that yielded blank cycles in protein sequence analysis. The boxed area defines the region of the protein from which the core consensus FTNYGxxGNGGxxx was derived. The bold amino acids of the core consensus sequence occur with a 50% or greater frequency in that position.
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. Because some of the proposed functions of the p subunit are to assist in the localization, immobilization, or activation of the catalytic PG2 polypeptides at the tomato cell wall, it is also possible that the amino-terminal and/or carboxyl-terminal propeptides play a role in these processes.
The amino acid composition of the mature p subunit polypeptide domain deduced from pBsub2.2 is in good agreement with that obtained from purified p subunit protein with the exception of a severe underestimate of the Phe content of the mature protein by ourselves and others (Table 2 ; Pogson et al., 1991) . The cause of this large discrepancy (three Phe residues determined by composition analysis versus 23 predicted from cDNA sequence analysis) is still unresolved, but several observations are relevant. First, the low level of Phe is not compensated for by a corresponding increase in the level of another closely related amino acid such asTyr ( Table 2 ). Second, in amino acid composition analyses of purified p subunit protein, two additional peaks were observed in HPLC profiles (results not shown) that did not correspond to any of the 20 common amino acids. Third, and most convincingly, comparison of the deduced p subunit protein sequence (Figure 2) with protein sequence data obtained from the amino terminus of the protein and four interna1 proteolytically derived peptides (Table 1) indicated that whenever a Phe residue was predicted from the deduced amino acid sequence, a blank cycle was obtained by Edman degradation. In three cases (the amino terminus and the Lys-C and Arg-C peptide sequences), the Edman degradation continued after this blank cycle and subsequent amino acids were obtained that corresponded to the sequence deduced from pBsub2.2. In two other peptides (Glu-C-1 and GIu-C-2), the anticipated Phe cycle was also blank, but the Edman reaction was arrested. These results indicated that a large percentage of the Phe residues in the mature p subunit protein are modified, possibly in two ways, neither of which yields identifiable derivatives in protein sequence analysis or amino acid composition analysis. It should be noted that very few modifications have been reported for Phe and that an extensive literature search has not yielded mention of modified Phe residues in other plant cell wall proteins. This raises the possibility that the modified Phe residues in the p subunit represent a novel posttranslational modification in plant cell wall proteins. The identification and structural determination of these modified Phe residues are underway. Another striking structural feature of the mature protein domain is the presence of a novel repeating 14-amino acid motif with the general consensus FTNYGxxGNGGxxx, where Phe and Tyr are absolutely conserved. This motif accounts for almost the entire mature p subunit protein domain ( Figure 6 ) and is not found in other domains of the p subunit precursor protein. The five modified Phe residues identified by protein sequence analysis are all located in position 1 of this motif (bold Phe residues in the boxed region of Figure 6 ). It should be noted that the 14-amino acid consensus motif shown is the minimal repeating unit for this motif and that higher order repeats (multiples of the 14-amino acid repeat) are also possible with equal or greater conservation. The significance of this protein substructure and the modified Phe residues at position 1 is open to speculation, but the fact that the motif constitutes nearly the entire mature protein domain and is not found in other domains of the precursor implies an important role for it in the structure andlor function of the mature p subunit protein.
With regard to structural considerations, the p subunit somewhat resembles plant structural cell wall proteins such as hydroxyproline-rich glycoproteins, glycine-rich proteins, and proline-rich proteins that also contain repetitive amino acid motifs and in some cases post-translationally modified amino acids such as hydroxyproline and isodityrosine (Cassab and Varner, 1988) . However, the p subunit differs from these classes of proteins in several important respects. First, although the p subunit does contain a repeating amino acid motif, the minimum repeating unit is much longer and shows much greater variability than those found in structural cell wall proteins. Second, unlike structural proteins, which are encoded by small multigene families, the p subunit appears to be encoded by a single gene. Third, p subunit expression is restricted primarily to a single organ of the plant (the fruit) at a precise developmental time. Other structural proteins, e.g., hydroxyproline-rich glycoproteins, exhibit tissue-specific and/or cell type-specific expression patterns of individual gene family members, but as a group are generally expressed throughout the plant. Finally, and most importantly, unlike structural proteins such as hydroxyproline-rich glycoproteins and prolinerich proteins, the p subunit binds tightly to and apparently regulates the activity of another protein with enzymatic activity.
In addition to structural studies of the p subunit, we have also studied the expression patterns of p subunit and PG mRNAs, the two subunits of PG1, during tomato fruit development (Figure 3) . Although expression of both p subunit and PG mRNAs is fruit specific, they differ dramatically in their temporal regulation during tomato fruit development. p Subunit mRNA is detectable early in tomato fruit development ( Figure  3 ) and increases gradually during fruit development to its highest level at 30 DAR just prior to the onset of ripening. During the following 5-day period, during which time the ripening process is initiated, the steady state level of p subunit mRNA decreases below detectable limits, whereas that for the catalytic PG polypeptide increases from undetectable to its highest level.
The functional significance of this apparent temporal separation in expression of the two components of PG1, the p subunit and the catalytic PG2 polypeptides, remains to be determined. One possible explanation is that p subunit expression occurs early in tomato fruit development to allow transport, attachment, and localization of the p subunit protein to specific regions of the cell wall in the absence of the catalytic PG2 polypeptides. Temporal separation would ensure that as the catalytic PG2 polypeptides were expressed and secreted at the onset of ripening they could only associate with the p subunit at its targeted location in the cell wall rather than in transit. Based on in vitro studies (Pressey and Avants, 1973; Knegt et al., 1988 Knegt et al., , 1991 Pogson et al., 1991) , this association at the cell wall would be predicted to modify the activity 01 restrict the movement of the associated catalytic PG2 polypeptide(s) in the cell wall. Continued expression of PG2 in excess of the available P subunit binding sites would then allow the observed accumulation of the PG2 isoenzymes during the later stages of ripening. The precise subcellular localization of the mature p subunit protein and the presence and location of any P subunit processing intermediates should provide insight intothe assembly, localization, and function of the individual PG isoenzymes in vivo.
The results presented in this paper provide further insight into the structure and expression of the p subunit of PG1 during tomato fruit development and point to the complex regulation of polygalacturonase isoenzyme production and polyuronide degradation during the ripening process. We have shown that the p subunit protein contains severa1 nove1 structural features that are likely to be of functional significance.
The p subunit may be representative of aclass of cell wall proteins that interact with structural components of the wall and catalytic proteins to regulate and localize enzymatic activity within the cell wall. To advance our understanding of tomato fruit PG structure and function, future studies will focus on examining in more detail (1) the apparent temporal separation of P subunit and PG expression during the early stages of ripening, (2) the determination of the exact structure of the modified Phe residues in the protein, and (3) the effect of altering i 3 subunit production during fruit development on the assembly, activity, and function of the individual PG isoforms in vivo.
.
METHODS
Plant Materials
Tomato plants (Lycopersicon esculentum cv Ailsa Craig) were grown under standard greenhouse conditions. For developmental studies, flowers were pollinated and tagged upon opening and fruit was harvested at the indicated days after pollination (DAP). Fruit between 10 and 25 DAP represented different time points of the immature green stage of fruit development. At 20 DAI? fruit were approximately 50% full size. 35 ; and 40-day-old fruits were full-sized and were classified as mature green, turning stage, and fully ripe, respectively, as judged by externa1 color and locule development (Lincoln et al., 1987) .
p Subunit Pmtein Purificatlon and Preparation of Peptide Fragments
Highly purified polygalacturonase isoenzyme 1 (PG1) was isolated from ripe tomato fruit pericarp tissue following a modification of the purification procedure of Pressey (1988) . Ripe pericarp tissue was homogenized in icecold distilled H20 at a ratio of 1 kg of fruit tissue to 1 L water, and the resulting slurry was adjusted to pH 3.0. Cell debris was pelleted by centrifugation at 10, OOOg for 20 min, resuspended in one-half volume of cold dHpO at pH 3.0, and repelleted. The washed cell debris pellet was resuspended in cold buffer containing 50 mM sodium acetate, 1.25 M NaCI, pH 6.0, and stirred for at least 1 hr at 4°C. The extract was centrifuged at 10, OOOg for 20 min, and proteins in the supernatant were precipitated by the addition of ammonium sulfate to 70% saturation. After centrifugation, the resulting protein pellet was resuspended in 0.125 M sodium acetate, pH 6.0, and dialyzed extensively against the same buffer. The dialyzed extract was clarified by centrifugation and applied to a CM-Sepharose column equilibrated with 0.125 M sodium acetate, pH 6.0. Bound proteins were eluted by a two-step gradient of 0.45 M sodium acetate, pH 6.0, and 1.0 M sodium acetate, pH 6.0. The PG2 isoforms eluted with 0.45 M sodium acetate, whereas PG1 eluted with 1.0 M sodium acetate. The PG1-containing 1.0 M sodium acetate eluent was concentrated by ultrafiltration, dialyzed against Concanavalin A buffer (500 mM NaCI, 50 mM sodium acetate, 1 mM calcium acetate, 1 mM manganese sulfate, pH 6.0), and further purified by Concanavalin A chromatography as previously described (DellaPenna et al., 1986) . PG1-containing fractions were concentrated by ultrafiltration, dialyzed against 50 mM sodium phosphate, 200 mM NaCI, 0.1 mM DTT, pH 6.0, and further purified by Mono S Fast Protein Liquid Chromatography (Pogson et al., 1991) . The subunits of PG1 were separated and isolated following the method of Pogson et al. (1991) . PG1 purification and separation of the PG2 and subunit polypeptides were followed by SDS-PAGE. Electrophoretic blotting and immunological detection methods for the PG2 polypeptides were performed as previously described (DellaPenna et al., 1986) . PG1 and PG2 levels during extraction and purification were determined by heat inactivation (Tucker et al., 1981) and activity staining of protein extracts separated by nondenaturing polyacrylamide gels (DellaPenna et al., 1987) .
Amino-terminal sequence analysis of the purified p subunit was performed with a Beckman lnstruments 890M gas phase sequenator. Interna1 subunit proteolytic fragments were generated by digestion with Lys-C, Arg-C, and GIu-C endoproteases following instructions supplied by the manufacturer (Promega, Madison, WI). The resulting proteolytic fragments (at least 100 pmol) were resolved by SDS-PAGE, blotted to polyvinylidene difluoride membranes, and directly sequenced (Matsudaira, 1987) . Amino acid analysis was performed with an ABI 420A automated system (Applied Biosystems, Inc., Foster City, CA).
Nucleic Acid lsolation
Root, leaf, flower, and fruit pericarp tissues at various stages of development were collected from greenhouse-grown tomato plants and frozen in liquid nitrogen. Total RNAwas extracted following the method of Cathala et al. (1983) with modifications. Ten grams of frozen tissue was ground to a powder in liquid nitrogen with a mortar and pestle and homogenized with a polytron in 20 mL of lysis buffer (8 M guanidine hydrochloride, 10 mM EDTA, 300 mM Tris-HCI, pH 7.6, 8% P-mercaptoethanol) . Following centrifugation at 3000gfor 10 min, the supernatant was filtered through Miracloth and extracted twice with phenolchloroform and once with chloroform. RNA was ethanol precipitated, and the resulting pellet was washed with 3.0 M sodium acetate, pH 5.5, to remove polysaccharide contaminants. Following a wash with 70% ethanol, the resulting pellet was dissolved in 10 mM Tris, pH 7.6, 1 mM EDTA, 1% SDS and precipitated with 2.5 M LiCl (Sambrook et al., 1989) . Total RNA was used for RNA gel blot analysis or subjected to poly(A)+ selection as previously described (DellaPenna et al., 1986) .
Genomic DNA was extracted from tomato leaves by the method of Dellaporta (1983) .
Generatlon and Labeling of Probes
Degenerate oligonucleotides were designed from protein sequence data derived from the amino terminus and internal protease fragments of the purified p subunit protein (Table 1) Individual MOPAC reactions were performed following the protocol of Lee and Caskey (1990) with 1 pg of poly(A)+ RNA from immature green (25 DAP), mature green, turning, and fully ripe tomato pericarp tissues. A Notl primer adaptor (Promega; 5'-CAATTCGCGGCCGC[T],5) was used as a primer for first-strand cDNA synthesis. Subsequent PCR amplification cycles utilized a Notl adaptor oligonucleotide (5'-dCAATTCGCGGCCGCT) as the 3'primer and the degenerate GIu-C oligonucleotide described above as the 5' primer. Aliquots of amplified products were electrophoresed, blotted to nylon membranes, and probed with the degenerate Lys-C oligonucleotide. The Lys-C oligonucleotide hybridized strongly to a 1300-bp product generated in MOPAC reactions with immature green and mature green fruit poly(A)+ RNA (results not shown). This product was recovered and amplified by PCR using the Notl adaptor oligonucleotide (3'end primer) and the degenerate Lys-C oligonucleotide (5' end primer). The resulting 1250-bp Lys-C MOPAC product was used in conjunction with the Lys-C and GIu-C degenerate oligonucleotides for library screening and RNA gel blot analysis. Labeling of the 5'end of oligonucleotides and random primer DNA labeling of double-stranded DNA probes were performed with the appropriate kits following the manufacturer's protocol (Bethesda Research Laboratories, Gaithersburg, MD) . Oligonucleotides were end labeled to a specific activity of at least 1 x 109 cpm/pg and used at a concentration of 0.4 pmol/mL hybridization solution.
out overnight at 37% in 50 mL of 6 x SSC, 1 x Denhardt's solution, 0.05% sodium pyrophosphate with 20 pglmL yeast tRNA, and 20 pmol of labeled oligonucleotide probe. Following hybridization, the filters were washed twice for 5 min at room temperature and twice at 37°C for 30 min in 5 x SSC, 0.05% sodium pyrophosphate. A final wash in 5 x SSC, 0.05% sodium pyrophosphate was performed at 4OoC for 10 min. The filters were exposed overnight with intensifying screens at -8OOC.
Further rounds of screening were performed at a low-plaque density using the 1.25-kb, PCR-generated MOPAC cDNA fragment, the GIu-C oligonucleotide, and the two degenerate amino-terminal oligonucleotides, N-terminal A and N-terminal B. Hybridization and washing conditions for these oligonucleotides were as described above and for the MOPAC-generated cDNAfragment as described by Sambrook et al. (1989) using 5 x 106 cpmlmL. Fifteen primary positive clones were obtained that hybridized to the 1.25-kb, MOPAC-generated probe and the Lys-C and GIu-C oligonucleotides. Four of these p subunit cDNAs also hybridized with the N-terminal A oligonucleotide, consistent with their larger size. The serine codon group of the N-terminal A oligonucleotide was subsequently shown to match that encoded by the p subunit cDNAs, whereas the N-terminal B oligonucleotide did not. Following plaque purification, plasmids were rescued by in vivo excision as described in the manufacturer's protocol (Stratagene). Two of the longest p subunit cDNAs (pBsub1.8 and pBsub2.2) were sequenced and used to generate the data in Figure 2 . Double-stranded DNA sequencing was performed by the method of Kraft et ai. (1988) .
RNA and Genomic DNA Gel Blot Analyses
Total RNA (25 pg) was size fractionated on a 1.2% agarose gel containing 2.2 M formaldehyde and 1 x Mops buffer (20 mM 3-[N-morpholino] propanesulfonic acid, 8 mM sodium acetate, 1 mM EDTA, pH 7.0) and blotted to nylon membranes as described by Sambrook et al. (1989) . The blots were probed with 1 x 107 cpm of labeled cDNA inserts as described by Sambrook et al. (1989) . The cDNA clones pPG1.9 and D21 encode, respectively, the catalytic PG polypeptide and an mRNA of unknown function expressed at near constitutive levels during fruit development. The expression of these two mRNAs during fruit development and ripening has been described in detail eisewhere (DellaPennaet al., 1987 (DellaPennaet al., , 1989 Lincoln et al., 1987; DellaPenna and Bennett, 1988) . Genomic DNA was digested with the indicated restriction enzymes, fractionated on 0.8% agarose gels, and transferred to nylon membranes. Prehybridization, hybridization, and washing conditions for genomic DNA gel blot analysis were as described by Sambrook et al. (1989) .
cDNA Library Construction and Screening
